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We studied the effects of four commonly used insecticides (methylparathion, endosulfan, cypermethrin and fenvalerate) on P-glycoprotein
isolated from multidrug-resistant cells. All the pesticides stimulated P-glycoprotein ATPase activity, with maximum stimulation of up to 213% in a
detergent-solubilized preparation, and up to 227% in reconstituted liposomes. The ATPase stimulation profiles were biphasic, displaying lower
stimulation, and in the case of methylparathion, inhibition of activity, at higher insecticide concentrations. Quenching of the intrinsic Trp
fluorescence of purified P-glycoprotein was used to quantitate insecticide binding; the estimated Kd values fell in the range 4–6 μM. Transport of
the fluorescent substrate tetramethylrosamine (TMR) into proteoliposomes containing P-glycoprotein was monitored in real time. The TMR
concentration gradient generated by the transporter was collapsed by the addition of insecticides, and prior addition of these compounds prevented
its formation. The rate of TMR transport was inhibited in a saturable fashion by all the compounds, indicating that they compete with the substrate
for membrane translocation. Taken together, these data suggest that the insecticides bind to Pgp with high affinity and effectively block drug
transport. Inhibition of Pgp by pesticides may compromise its ability to clear xenobiotics from the body, leading to a higher risk of toxicity.
© 2007 Elsevier B.V. All rights reserved.Keywords: P-glycoprotein (ABCB1); Insecticides; ATPase activity; Substrate transport; Fluorescence quenching; Proteoliposomes1. Introduction
Pesticides are persistent environmental pollutants commonly
found in soil, run-off water, and foods. These chemicals are a
potential threat to human health, and recent studies dealing with
human and animal exposure to pesticides have shown that
families living in agricultural areas are subjected to repeated
exposure. Persistent organic pollutants have been linked to
many adverse effects on the health of humans and animals,
including cancer, damage to the nervous system, reproductive
disorders, and disruption of the immune system.
ATP-binding cassette (ABC) superfamily proteins function as
ATP-coupled import or export pumps [1–3]. Several ABC
proteins have been reported to confer protection against the
toxicity of various environmental xenobiotics [4,5]. In general,⁎ Corresponding author. Tel.: +1 519 824 4120x52247; fax: +1 519 837 1802.
E-mail address: fsharom@uoguelph.ca (F.J. Sharom).
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doi:10.1016/j.bbamem.2007.04.001these proteins comprise twomembrane-bound domains, and two
cytoplasmic nucleotide-binding domains that hydrolyse ATP,
which powers the transport process. The nucleotide binding
domains are highly conserved throughout this protein family,
and contain theWalker A andWalker B motifs commonly found
in other proteins that hydrolyse ATP or GTP, and also the sig-
nature C motif that is unique to the ABC proteins.
P-Glycoprotein (Pgp; ABCB1; product of the MDR1 gene)
is a 170-kDa ABC protein, and its expression confers resistance
to a wide spectrum of structurally-unrelated compounds, in-
cluding natural products, chemotherapeutic drugs and peptides.
The protein functions in ATP-driven efflux of drugs from the
cell, and Pgp-mediated multidrug resistance (MDR) is thought
to be an important cause of failure of cancer chemotherapy [6].
Another group of compounds known as Pgp modulators block
drug efflux by competing with transport substrates in a complex
fashion [7]. Pgp displays high levels of constitutive ATPase
activity, which may be stimulated or inhibited by addition of
drug substrates [8,9]. Pgp is expressed mainly in intestine, liver,
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disposition, and elimination of many different compounds.
The expression of Pgp in endothelial cells restricts the ability of
many compounds to cross the blood brain barrier of the central
nervous system, and other blood–tissue barriers [10]. In
addition to their role in drug resistance, there is substantial
evidence that ABC family efflux pumps have overlapping
functions in human tissue defence [5]. Collectively, these
proteins can transport a chemically diverse assortment of toxic
compounds, including bulky lipophilic drugs and conjugated
organic anions. Their substrates include many dietary and
environmental carcinogens, toxins, pesticides, metals, and
metalloids.
Several pesticides from different chemical classes, including
halophenoxy, organochlorine, and organophosphate com-
pounds, have been shown to inhibit human Pgp transport
function in intact cells, and to compete with photoaffinity
labelling of the protein by [3H]azidopine [11]. The organopho-
sphate insecticides diazinon [12], chlorpyrifos [13], and its
metabolite chlorpyrifos oxon [14], affect expression and drug
efflux activity of Pgp in intact cells and rodent models.
Similarly, the organochlorine pesticide 1,1-bis(4-chlorophenyl)-
2,2,2-trichloroethane (DDT) and its metabolite 1,1-dichloro-
2,2-bis(p-chlorophenyl)-ethene (p,p′-DDE), both of which are
persistent environmental contaminants, induce Pgp and mod-
ulate drug efflux [15]. In addition, antihelmintic agents, such as
selamectin, ivermectin and related compounds, also block
substrate transport by Pgp [16].
Similar ABC proteins have been implicated in the resistance
of many organisms to a chemically diverse range of toxic
molecules, and this type of resistance has occurred throughout
the course of evolution [1,17]. Resistance to ivermectin in
Haemonchus contortis was associated with Pgp expression
[18], and exposure to the Pgp modulator, verapamil, increased
the toxicity of ivermectin in chironomids [19] and the toxicity of
three insecticide classes (cypermethrin, ivermectin and endo-
sulfan) in mosquitoes [20]. Chan et al. showed that the herbicide
trifluralin inhibited the action of Pgp in Leishmania species
[21]. Tobacco hornworm (Manduca sexta) and tobacco bud-
worm (Heliothis virescens) both appear to express a Pgp
homologue that protects them from the toxicity of nicotine, and
is also involved in their resistance to various pesticides [22–24].
The xenobiotic excretion process appears to take place in the
Malpighian tubules of many insects [25–27]. Aquatic organ-
isms living in intertidal regions also appear to have a Pgp
protection system, and respond to exposure to environmental
contaminants by upregulating it [28–34]. It has been suggested
that Pgp function is a good biomarker of exposure to pollutants
[34,35].
This study examines, for the first time, the ability of several
commonly-used insecticides in different structural classes to
interact with purified Pgp in detergent solution and recon-
stituted proteoliposomes. The ability of the insecticides to
modulate Pgp ATPase activity was investigated, and their
affinity for binding to Pgp was quantitated using a fluorescence
quenching approach. All bound tightly with Kd values in the 4–
6 μM range. The insecticides acted as efflux modulators in real-time transport experiments in reconstituted proteoliposomes by
competing with the fluorescent substrate, tetramethylrosamine
(TMR). Taken together, the data suggest that these insecticides
bind directly to Pgp with high affinity and block its transport
activity at low concentrations. Inhibition of Pgp by pesticides
may compromise its ability to clear xenobiotics from the body,
leading to a higher risk of toxicity.
2. Materials and methods
2.1. Materials
Dimyristoyl-L-α-phosphatidylcholine (DMPC) was obtained from Avanti
Polar Lipids (Alabaster, AL,USA). ATP, CHAPS and cypermethrinwere obtained
from Sigma-Aldrich (Oakville, ON, Canada), and TMR was from Molecular
Probes (Eugene, OR, USA). Creatine kinase and creatine phosphate were
purchased from Roche Diagnostics (Laval, QC, Canada). Methylparathion
(99.3%) was procured from the Pesticide Analysis Laboratory, Gulbarga, India.
Endosulfan (99%) and fenvalerate (99.4%) were provided by Bayer CropScience
and Dow Agroscience respectively, and were obtained from the Department of
Environmental Biology, University of Guelph (Guelph, ON, Canada).
2.2. Pgp purification and reconstitution
Pgp was isolated from the plasma membrane of the highly multidrug-
resistant Chinese hamster ovary cell line CHRB30 using the zwitterionic
detergent 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate
(CHAPS). An initial extraction step yielded a partially purified S2 fraction
highly enriched in Pgp, and contaminating glycoproteins were removed using
chromatography on concanavalin A-Sepharose to give highly purified protein
[8,36]. The S2 fraction of Pgp was reconstituted into proteoliposomes of
dimyristoylphosphatidylcholine (DMPC) by gel filtration chromatography on a
Sephadex G-50 column [37–39]. In a typical preparation, 0.4–0.5 mg of
purified Pgp was reconstituted into 5 mg of lipid. The final lipid/protein ratio of
the proteoliposomes was in the range 7–10:1. Pgp made up N85% of the
reconstituted protein in the proteoliposomes as indicated by SDS/PAGE. The
protein content of plasma membrane was determined by the method of Bradford
[40], and the protein content of Pgp preparations and proteoliposomes was
measured by a modified Lowry method [41].
2.3. Effect of pesticides on ATPase activity
The ATPase activity of Pgp in the partially purified S2 preparation and
reconstituted DMPC proteoliposomes was estimated by measuring the liberation
of inorganic phosphate, using an ATP concentration of 1 mM and an assay time
of 20 min [8]. The S2 fraction was used directly with no exogenous
phospholipids added. Pesticides were added to Pgp as DMSO solutions 5 min
before initiation of the ATPase assay. The final DMSO concentration did not
exceed 1% (v/v), which had no effect on Pgp ATPase activity. The insecticide
concentrations that gave rise to half-maximal and maximal ATPase stimulation
were estimated from the plots of ATPase activity vs. insecticide concentration.
2.4. Measurement of pesticide binding affinity by tryptophan
fluorescence quenching
The affinity of binding of different pesticides to highly purified Pgp was
determined using Trp quenching titrations as described previously [42]. Briefly,
Pgp (50 μg in 0.5 mL) was titrated in 2 mM CHAPS buffer with increasing
concentrations of pesticide, while quenching of Trp fluorescence was monitored
at 330 nm following excitation at 290 nm. Kd and ΔFmax values were extracted
following fitting of the data to an equation describing binding to a single affinity
site,
DF=F0  100 ¼ ðDFmax=F0  100Þ  ½SKd þ ½S
Fig. 1. Structures of the insecticides used in this study.
Fig. 2. Modulatory effects on insecticides on the ATPase activity of Pgp. (A)
Effect on ATPase activity of partially purified Pgp in CHAPS solution, and (B)
Effect on ATPase activity of Pgp in reconstituted proteoliposomes. ●
methylparathion; ○, endosulfan; ▴, cypermethrin; and Δ, fenvalerate. Data
are presented as % stimulation compared to a control Pgp sample in which no
chemical was added. Data points represent the mean±standard error for three
determinations at each concentration.
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relative to the initial value after addition of pesticide at a concentration [S], and
(ΔFmax/F0×100) is the maximum percent quenching of the fluorescence
intensity that occurs upon saturation of the substrate binding site.
2.5. Effect of pesticides on TMR transport by Pgp in reconstituted
proteoliposomes
Fluorescence measurements of TMR transport were carried out as described
previously [43] using a PTI QuantaMaster C-61 high sensitivity steady-state
fluorimeter. Excitation was carried out at 550 nm (slit width 1.8 nm) and
fluorescence emission was monitored continuously at 575 nm (slit width
3.6 nm). A 450-μL aliquot of proteoliposomes containing 10–20 μg of
reconstituted Pgp was preincubated with the appropriate concentration of TMR
in transport buffer at room temperature. The sample was transferred to a quartz
cuvette, and allowed to equilibrate for about 300 s to stabilize the fluorescence
intensity. Transport of TMR was initiated by addition of a 25-μL aliquot of
buffer containing ATP (final concentration 1 mM) and an ATP regenerating
system (30 μg/mL creatine kinase, 3.5 mM creatine phosphate) followed by
mixing for 5–10 s. Fluorescence intensity data were collected for a further 150–
200 s. Fluorescence intensity vs. time was normalized to the intensity measured
immediately before addition of ATP, which was taken as 100%. The relative rate
of TMR transport was estimated from the slope of the fluorescence traces for the
first 20 s after addition of ATP. Different concentrations of pesticides were added
at various time points during the transport process, either before addition of ATP,
or after the establishment of a new steady-state fluorescence value. In the latter
case, fluorescence intensity data were collected for a further 150–200 s.
Pesticides were prepared as stock solutions in DMSO, and the final
concentration never exceeded 0.1% (v/v).
Transport inhibition data were analysed using the median effect equation
[44–46].
log
fa
fu
 
¼ m log D m log Dm
where fa is the fraction of the system that is affected (in this case, the fractional
inhibition of TMR transport) at an insecticide concentration D, fu is the fraction
of the system that is unaffected at concentration D, Dm is the insecticide
concentration causing 50% inhibition, and m is a parameter indicating the
sigmoidicity of the dose–effect curve. A plot of log( fa/fu) vs. log D produces a
straight line with slope m, and an x-intercept of log Dm.2.6. MTT assay for pesticide cytotoxicity
The effect of various pesticides on the proliferation of MDR CHRB30 cells
and the parent drug-sensitive AuxB1 cell line was assayed by a modification of
the dye reduction assay using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetra-
zolium bromide (MTT), as described previously [47,48]. Cells were incubated
with pesticides for 72 h before addition of MTT. All compounds were dissolved
in DMSO and dispersed in culture medium containing 10% serum to reduce
non-specific interactions with plastic surfaces. Cell growth was normalized by
comparison to growth in the absence of pesticide and the data were plotted as
relative cell growth (% of control) vs. log pesticide concentration. IC50 values
were determined by interpolation from cytotoxicity plots.3. Results
3.1. Effect of insecticides on the ATPase activity of Pgp
Pgp was purified from the MDR Chinese hamster ovary cell
line CHRB30, and reconstituted into proteoliposomes of defined
phospholipids using a gel filtration technique. The purified
protein retained ATPase activity, and several studies have
shown that proteoliposomes containing Pgp reconstituted by
this method can carry out ATP-dependent transport of drugs and
peptides [49–51]. We investigated the effect of various
insecticides (see Fig. 1) on Pgp ATPase activity using partially
Table 1
Parameters for interaction of pesticides with Pgp
ATPase activity Binding Transport inhibition
Concentration
at maximal
stimulation μM
Concentration at
half-maximal
stimulation μM
Kd (μM) ΔFmax (%) Dm (μM)
Methylparathion 20 7.3 5.5±0.7 30.4±1.0 3.4
Endosulfan 40 17 5.9±0.4 29.4±0.8 11.4
Cypermethrin 80 8.3 4.2±1.4 20.4±2.6 5.3
Fenvalerate 80 24 4.2±0.5 17.5±0.7 33.0
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reconstitution of the protein into proteoliposomes of DMPC. As
shown in Fig. 2A, three of the compounds tested (methylpar-
athion, endosulfan and cypermethrin) produced a large degree
of stimulation of the ATPase activity of Pgp in detergent
solution, ranging from 174 to 213%. In all three cases, a
biphasic concentration-dependent response was observed. In
the case of methylparathion, the addition of concentrations
higher than ∼60 μM resulted in inhibition of ATPase activity,
with almost complete loss of activity at a concentration of
1 mM. For endosulfan and cypermethrin, stimulation declined
at higher concentrations, but the level of ATPase activity did notFig. 3. Binding of insecticides to purified Pgp as assessed by tryptophan fluorescenc
endosulfan; C, cypermethrin; D, fenvalerate) were titrated with 50 μg/mL purified
following excitation at 290 nm. The percent quenching of fluorescence (ΔF/Fo×100)
represents the best computer-generated fit of the data points (shown by symbols) to an
(see Materials and methods). Kd and ΔFmax values were estimated by the fitting procdrop below the 100% value seen in the absence of insecticide.
The highest ATPase stimulation was observed at 20 μM for
methylparathion, 40 μM for endosulfan, and 80 μM for
cypermethrin. Fenvalerate showed smaller amounts of ATPase
stimulation, on the order of ∼20%, which was achieved at a
concentration of 40–80 μM. The insecticide concentrations at
maximal and half-maximal ATPase stimulation were estimated
from the plots in Fig. 2 (see Table 1). Similar patterns of ATPase
stimulation were observed for the four insecticides when they
were added to the Pgp preparation after reconstitution into pro-
teoliposomes (Fig. 2B), however the absolute amount of sti-
mulation was somewhat higher in all cases, suggesting a tightere quenching. Increasing concentrations of insecticides (A, methylparathion; B,
Pgp at room temperature (23 °C). Trp fluorescence was monitored at 330 nm
was calculated relative to Pgp in the absence of insecticide. The continuous line
equation describing interaction of the pesticide with a single type of binding site
ess. Data points represent the mean±standard error for triplicate determination.
Fig. 4. Real-time fluorescence measurements of TMR transport into
reconstituted DMPC proteoliposomes containing Pgp. A 250-μL aliquot of
proteoliposomes containing 10–20 μg of Pgp was equilibrated with 1 μM TMR
in transport buffer at room temperature (23 °C). Trace a, ATP was added to the
proteoliposomes to initiate TMR transport (shown by the arrow), and a lower
fluorescence intensity was reached after∼150 s as a result of inward pumping of
TMR. 50 μM endosulfan was then added (shown by the arrow), which inhibits
Pgp, collapsing the TMR gradient and restoring the fluorescence to close to its
original value (dilution accounts for the difference). Trace b, 50 μM endosulfan
was added to the proteoliposomes before the addition of 1 mM ATP (shown by
the arrow). TMR transport was almost completely blocked, as evidenced by the
failure of ATP to initiate a change in TMR fluorescence intensity. Trace c, 5 μM
endosulfan was added to the proteoliposomes before the addition of ATP (shown
by the arrow). The slope of the fluorescence decrease reflects the initial rate of
TMR transport, which is lower than that observed in the absence of added
insecticide, shown in trace a. The interruptions in the fluorescence traces
correspond to the addition and mixing of reagents.
Fig. 5. (A) Rate of Pgp-mediated TMR transport into reconstituted DMPC
proteoliposomes, and its inhibition by increasing concentrations of insecticides;
●, methylparathion; ○, endosulfan; ▴, cypermethrin; and △, fenvalerate.
Experiments of the type shown in Fig. 4, traces b and c, were carried out, and the
relative rate of TMR transport was estimated from the slope of the fluorescence
traces for the first 20 s after addition of ATP. The data points represent the mean
of two independent measurements of the rate of TMR transport, expressed as the
percent change in fluorescence compared to the rate measured in the absence
of added insecticide. A median effect plot of the transport rate data was used
to estimate the Dm value for the insecticides, shown for endosulfan (B) and
cypermethrin (C).
1754 K. Sreeramulu et al. / Biochimica et Biophysica Acta 1768 (2007) 1750–1757coupling of drug binding to ATPase activity in a membrane
environment. This effect was noted previously when comparing
drug-stimulated ATPase activity of Pgp in detergent solution
and proteoliposomes [49].
3.2. Affinity of binding of pesticides to Pgp
Liu et al. have shown that binding of various drugs and
modulators to the substrate binding sites of Pgp results in
saturable concentration-dependent quenching of the intrinsic
Trp fluorescence of the protein [42]. This approach can be used
to quantitate the affinity of binding of many different Pgp
substrates and modulators [52]. Similar Trp quenching experi-
ments were carried out using the four different pesticides, and
the Kd values for binding were estimated by fitting the fluo-
rescence quenching data to an equation describing a single
binding site (see Fig. 3A–D). The pesticides all displayed
substantial levels of Trp quenching, with maximal values
ranging from 17 to 30% (Table 1). Fitting of the experimental
data showed that all four pesticides interacted with Pgp with
relatively high affinity, withKd values for binding in the 4–6 μM
range (Table 1).
3.3. Ability of pesticides to compete for drug transport by Pgp
in proteoliposomes
In previous studies, we chose TMR as a suitable substrate for
measuring Pgp-mediated transport into reconstituted proteoli-posomes in vitro, and characterized the kinetics of the transport
process [53]. Addition of 1 mM ATP and an ATP regenerating
system to reconstituted DMPC proteoliposomes containing Pgp
in the presence of 1 μM TMR led to a rapid drop in TMR
fluorescence, until a new lower steady-state level was
established (Fig. 4, trace a). The decrease in fluorescence
intensity arises from transport of TMR into the proteolipo-
somes, where its fluorescence is lower, likely as a result of self-
quenching as it accumulates in the lumen. Intensity measure-
ments were made (after mixing) every 1 s for about 20 s, to
allow estimation of the rate of fluorescence decrease, which is
proportional to the initial rate of TMR transport. No decrease in
TMR fluorescence was observed in the presence of non-
hydrolysable ATP analogs, and heat denaturation of Pgp
abolished the change in TMR fluorescence (data not shown).
Thus, as previously established [54], the process of TMR
transport into proteoliposomes is dependent on ATP hydrolysis
and requires functionally active Pgp.
Pesticides at concentrations that completely block transport
of TMR into the proteoliposome interior would be predicted to
prevent the rapid fluorescence decrease when added prior to
Table 2
Cytotoxicity of pesticides towards drug-resistant and drug-sensitive cell lines
IC50 (µM)
CHRB30 AuxB1
Methylparathion 62 51
Endosulfan 50 43
Cypermethrin 69 56
Fenvalerate 32 24
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shown for endosulfan in Fig. 4, trace b. Addition of pesticide to
the proteoliposomes after prior establishment of the TMR
concentration gradient resulted in rapid collapse of the gradient,
as indicated by a rapid increase in TMR fluorescence.
Experimental results obtained with endosulfan are shown in
Fig. 4, trace a, and are representative of similar data obtained for
the other three insecticides.
When TMR transport was measured in the presence of
different insecticide concentrations, both the rate of the
fluorescence decrease and the magnitude of the total decrease
seen at steady state were changed in a concentration-dependent
fashion. For example, Fig. 4, trace c, shows the rate of TMR
transport in the presence of 5 μM endosulfan. The rate of TMR
transport declined in a saturable fashion with increasing
concentrations of insecticide (Fig. 5A), with almost complete
inhibition observed at 40 μM for all compounds except
fenvalerate. Thus insecticides inhibited the net rate of transport
of TMR, and prevented the generation of a substrate
concentration gradient at high concentrations. The TMR
transport inhibition data were analysed by the median effect
equation, to allow quantitative estimates of the effectiveness of
the insecticides as transport competitors, as shown in Figs. 5B
and C for endosulfan and cypermethrin. The value ofDm, which
is a measure of the insecticide concentration required for 50%
inhibition of TMR transport, varied from 3.4 μM for
methylparathion to 33 μM for fenvalerate (see Table 1). Thus,
all the insecticides were able to compete effectively with TMR
for transport via Pgp.
3.4. Effect of pesticides on growth of drug-resistant and
drug-sensitive cells
The MTT dye reduction assay was used to assess the
cytotoxicity of the pesticides to the drug-resistant CHRB30 cell
line and the drug-sensitive parent AuxB1 cell line. The
estimated IC50 values (Table 2) were only slightly greater for
each compound in the CHRB30 cells relative to the AuxB1
cells, indicating that overexpression of Pgp did not confer
significant cross-resistance to the pesticides when compared to
the drug-sensitive cell line.
4. Discussion
This study is the first to investigate the interaction of
insecticides with purified Pgp in detergent solution and
proteoliposomes, rather than intact cell systems. This approachallows the application of several novel fluorescence-based
tools, so that the interaction of these chemicals with the
transporter can be characterized at the molecular level.
Quantitation of the interaction also allows comparison between
the different compounds.
Pgp is an unusual ATP-driven membrane transporter in that it
displays constitutive ATPase activity in the apparent absence of
substrates, suggesting that ATP hydrolysis is partially
uncoupled from drug transport. This makes it possible to use
ATPase activity as a measure of success in purification of the
protein. Many (but by no means all) Pgp substrates and
modulators stimulate the ATPase activity of the protein, and this
parameter is often used as a rapid evaluation tool to indicate that
compounds interact with the transporter. The stimulation is
presumably involved in the coupling mechanism of ATP-
dependent drug extrusion, which is still not well understood.
Pgp ATPase activity in both detergent solution and reconstituted
proteoliposomes is increased by the addition of the various
insecticides. Sharom et al. reported that several drugs and Pgp
modulators acted as mixed activators [8], producing changes in
both the Vmax of the ATPase and the Km for ATP. However, for
Pgp purified from the human multidrug-resistant cell line, KB-
V1, the stimulation of ATP hydrolysis by the substrate
vinblastine was due to an increase in the maximal velocity of
ATPase activity, without affecting the apparent Km for ATP
[55]. The maximal levels of ATPase stimulation observed were
high (175–200%) for three of the insecticides (methylparathion,
endosulfan, cypermethrin), compared to the levels of stimula-
tion observed for some other drug substrates [49]. Only
hydrophobic peptides [45] and bacterial lipopolysaccharides
[56] have displayed stimulation of this magnitude using a
comparable Pgp preparation. The biphasic nature of the
stimulation, observed here for all of the insecticides, has been
a commonly observed feature for many different mammalian
Pgp preparations from different sources. It was suggested that
the biphasic pattern might arise from the presence of a
“stimulatory” drug binding site and an overlapping “inhibitory”
drug binding site [57]. Trp fluorescence quenching confirmed
that the four insecticides interacted directly with purified Pgp,
and allowed estimation of their binding affinity. All bound to
the transporter with relatively high affinity.
Several fluorescent compounds are known to be transport
substrates for Pgp in intact MDR cells, including fluorescent
derivatives of verapamil [58] and various rhodamine dyes.
Eytan and coworkers examined seven rhodamine dyes for their
interaction with Pgp [59], and concluded that the rhodamine
derivative TMR was a much superior substrate to rhodamine
123, which has been widely used in dye exclusion studies in
intact cells. We have employed TMR to measure the rates of
transport by reconstituted Pgp in real time. The rate of TMR
transport into reconstituted proteoliposomes was decreased in a
concentration-dependent manner by the addition of insecticides,
which clearly compete for TMR transport at the drug binding
site(s) of the protein. Transport was abolished, and the TMR
gradient collapsed, by the addition of high concentrations of
pesticides. Median effect analysis of the transport data allowed
estimation of the parameter, Dm, which reflects the insecticide
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TMR transport. The values of Dm for the four insecticides range
from 3.4 μM for methylparathion (the most effective Pgp
transport inhibitor) to 33 μM for fenvalerate, the least effective
compound. The Dm values compare favourably with the
concentration needed for half-maximal stimulation of the
ATPase activity of the protein (see Table 1). The binding
affinities of the pesticides cover a narrower range, perhaps
reflecting the fact that binding represents only the first step in
the ATP-driven transport process, whereas both ATPase
stimulation and transport inhibition involve additional steps of
the catalytic cycle.
Taken together, these results indicate that the four insecti-
cides used in this study interact with Pgp with high affinity, and
suggest that they may be transported by the protein.
Cytotoxicity experiments showed only a small increase in the
IC50 value for the four pesticides in the MDR cell line relative to
the drug-sensitive parent line, suggesting that overexpression of
Pgp does not confer substantial cross-resistance to these
compounds under the conditions of our experiments. This
observation, together with the data showing that the pesticides
bind to Pgp and block Pgp-mediated transport, suggests that
they may be Pgp inhibitors (also known as modulators or
chemosensitizers). Modulators interact with Pgp, and are often
transported, but a concentration gradient is not built up across
the membrane, probably because these compounds rapidly re-
partition into the bilayer, cross to the inner leaflet, and interact
with Pgp once more [9]. Thus Pgp may operate in a futile cycle
in the presence of a modulator. A recent study of 14 structurally
diverse pesticides also suggested that several of them were Pgp
modulators [60].
ABC drug efflux pumps are widely recognized to play a
central role in tissue defence [5]. Expression of Pgp-like
transporters has been correlated with resistance to xenobiotics
and environmental pollutants in many different species of
insects and marine organisms, and Pgp appears to play an
important role in environmental toxicology [4]. Our results
suggest that the ability of Pgp to function in the clearance of
xenobiotics from the human body may be compromised by the
presence of pesticides such as those studied here, leading to a
higher risk of toxicity. This proposal is consistent with the
observation that mice lacking a functional mdr1a gene
accumulate higher levels of many drugs in a variety of tissues,
especially the brain, when compared to wild-type mice [61].
The ability of different individuals to carry out cellular efflux of
xenobiotics, and thus protect tissues from their potentially
harmful effects, will similarly depend on the expression level
and activity of Pgp in the organs and tissues involved in their
absorption and excretion.
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